A complete Accelerated Life Test on high luminosity blue LEDs is presented. The test was conducted at different temperatures, humidity and current conditions, involving a total of seven individual tests. Life models were obtained for the catastrophic failures of the tests and then a complete temperature, humidity and current model was developed, which enabled the calculation of the life of the LEDs for any of these conditions. Catastrophic failures and model parameters were consistent with earlier results using different high luminosity LEDs. Non-catastrophic failures were modelled with their corresponding luminous power loss on each test, with expected results.
Introduction
In recent years, lighting using LEDs has grown significantly due to its essential advantages such as lower consumption, smaller size and longer lifetime. Related to the lifetime of the LEDs new products must pass a reliability test before they can enter the market. The tests employed by the LED industry, ÍES LM-80-08 [1] , last for a minimum of 6000 h, which can set back the time taken to market a product. Based on the prior works that have reported the manner in which temperature affected the LED lifetime in this study, an accelerated test was achieved under high ambient temperatures [2] [3] [4] [5] . In order to correlate the lifetime obtained in the accelerated tests to normal conditions, the Arrhenius model is used. The influence of humidity and bias current is also analysed by obtaining a life model that includes three different parameters, like temperature, drive current and humidity. To the best of our knowledge there is no other life model that includes all three different parameters in this type of LED.
In this study, the tests of both failure modes of the blue LEDs, catastrophic failures (open circuit) and degradation failures, have been studied. The lifetime models for catastrophic and degradation failures are therefore proposed. An analysis of the changes of luminous power versus time is presented, using a fit based on 2nd degree polynomials.
Samples and methods
The LED samples were in the standard package T-l % (5 mm) with transparent epoxy resin, InGaN LEDs (blue, 470 nm wavelength), maximum DC Forward Current 35 mA and Luminous Intensity (IF = 20 mA) 11,000 mcd. The lead frame used in the LEDs was Ag plated Copper alloy.
In this case study seven ALT (Accelerated Life Testing) tests were performed on blue LEDs, in which each test had 15 LEDs tested inside a pressure cooker under different humidity conditions (55, 70 and 85% HR) and temperatures (120,130 and 140 °C). They were also tested at three different currents (10, 20 and 30 mA). The conditions prevailing in each test are presented in Table 1 .
The ALT test conditions were planned under the following situations:
• In this work Temperature was the accelerator stress used. The temperature in the ALT was higher than the values specified for working conditions in order to reduce the test times, but low enough to avoid failures that do not appear in normal working conditions. Selected ambient temperature values, from 120 °C to 140 °C, were in the range of other temperature ALT works in similar LEDs [3] [4] [5] , • Related to the bias current and humidity the values selected were below the maximum values of the specification and therefore the accelerator factors resulting from these parameters are not determinant. However, the tests at different values of the bias current and humidity were done to analyse the influence of the different parameters in the lifetime of the LEDs.
Failure criterion definition
The LEDs presented two types of failures: catastrophic, which could be either the short or open circuit conditions; in our tests only the open circuit failures appeared, and all of them were caused by humidity penetration on the anode, producing bonding oxidation between the lead frame and the cathode wire ( Fig. 1) , and the degradation failures, which were a decrease in the luminous power output of the LED compared with the pre-test measurements. ASSIST has defined two values to quantify the failure of an LED [6] ,
In fact, 50% of the initial output power for the LEDs were used as indicators and 70% for general lighting applications; in this study the 70% value was selected in light of the type of applications for which these LEDs were used. Other studies too have used this value to define degradation failure [7, 8] ,
Catastrophic failure analysis

Temperature tests
In this section, a life analysis is presented for three different temperatures, a current of 20 mA and 70% HR. Fig. 2 shows the Weibull plot for the catastrophic failures on the temperature test and Table 2 lists the corresponding parameters.
The medians obtained in the table have been presented in an Arrhenius plot in order to obtain a model for the current and humidity conditions tested as shown in Eq. (1) 70% and three different bias currents of 10, 20 and 30 mA. The model giving the best fit is the Inverse Power Law relationship. Fig. 4 shows the failure times and the Weibull plots fitted to each test. Table 3 reveals the shape and scale parameters of the Weibull distribution for all the three tests and medians. Table 3 shows that for the range of the bias currents tested the variation of the medians is low, indicating that for this current range the influence of the bias current in the degradation of the device is very low. Eq. (2) and Fig. 5 were obtained using the Inverse Power Law relationship. 
The red line shows the LED life for a temperature of 300 K. An activation energy of 0.97 eV was obtained, similar to the previous results using high luminosity LEDs [2] , revealing that the failure mechanism is identical; humidity penetration through the anode terminal.
Current tests
In this section the effect of the bias current in the LEDs is analysed. Three tests were performed, using a temperature of 130 °C, an RH of This influence is similar to the influence reported by other authors [4] .
Humidity tests
Finally, the influence of humidity in the life model was analysed. Three tests were performed (55, 70 and 85% RH) with a chamber temperature of 130 °C and a current of 20 mA In Fig. 6 the failure time for each of the LEDs in the three tests is seen, as well as the fit for each test using a Weibull distribution. Table 4 shows the shape and scale parameters of the Weibull distribution and the medians for the three tests.
The medians indicate that humidity has a greater influence than that of the bias current, as reflected in the model, in which the exponent is much higher in the humidity model. Eq. (3) For this test similar results were obtained in [2] with n = 3.26. 
Life model for the degradation failures based on temperature, humidity and current
Degradation analysis
Analysis of the luminous power degradation over time
In Fig. 8 the normalized luminous power loss versus time [9] is shown. A 2nd degree polynomial fit was used; the R 2 > 0.95 was obtained for all cases, showing a very good fit negating the necessity to use the higher degree polynomial fits. Other authors have stated that this power loss is exponential [10] , which is an accurate hypothesis for a power loss between 0.9-0.8 and 0.4-0.3, although not for the entire range.
In all the cases the luminous power increased until it achieved the maximum after which it began to decrease. The time at which the maximum occurred depended on the test conditions; if the conditions were more severe the maximum appeared earlier [11, 12] . The failure time (time at which a 30% power loss is measured) revealed the identical behaviour: more severe conditions could induce this power loss to occur earlier. Table 5 shows the results for the Weibull shape parameter, number of failures using the degradation failure criterion and the medians calculated using Weibull's model, employing the identical methodology mentioned in Sections 3.1,3.2 and 3.3.
Using the medians and Arrhenius, Peck and Inverse Power Law models, a model that allows the calculation of the life of the LEDs in light of the functions of temperature, humidity and current has been obtained; the model is shown in Eq. (5). 
Values of 1 eV have been reported in [13] for the Arrhenius activation energy. This value is similar to the value of 1.25 eV obtained.
Similar to the catastrophic failures the bias current is the less influential parameter (within the range of the bias current range analysed) and temperature emerged as the parameter with the highest influence on the degradation of the devices. 
Conclusions
A model that facilitates the calculation of the life of this type of LEDs for different conditions of temperature, humidity and current has been developed.
This model enables the deduction that temperature is the most influential factor in the life of the LED, followed by humidity. Current exerts a lower degree of influence for the range of bias currents analysed.
As in the prior works [2] , the catastrophic failures observed were open circuits caused by the humidity penetration on the anode. Catastrophic failures are found to be more common than the degradation failures.
The complete model predicts a median life of 4,627,399 h of continuous operation under the normal working conditions of 60% HR, 20 mA and 30 °C.
The luminous power changes were modelled using the 2nd degree polynomial, with R 2 values of over 0.95 in all the cases, implying that the behaviour is not exponential for the whole curve. The exponential fit is valid only for a set range of luminous power losses.
